Introduction
This Special Issue of International Journal of Architectural Computing (IJAC) Complex Modelling examines the future of the digital design model. It assembles five papers that examine the underlying infrastructure of advanced computational models, asking what methods need to be developed to be able to operate in an information-rich design environment.
Architectural practice has successfully matured the first generation of digital design technologies. With the development of Building Information Models (BIM) and shared classifications systems (Industry Foundation Classes (IFC)), we have established common protocols that allow for stronger interdisciplinary collaboration and the passing of information along the digital design chain. However, while these methods are successful in optimising existing building practice, it is clear that to support true innovation in the building industry and find new methods that can change the way we engage with our environment, our building practices and our materials, we need to reconsider the configuration of digital design practice.
Contemporary research culture is in the process of prototyping these methods. Across academia and in practice, we are witnessing a proliferation of research environments dedicated to understand and develop digital design methods. Here, advanced computation is understood as a central keystone in developing new methods by which we can design more intelligently and more informed. From the scale of the city, across structure and down to the composition of materials, the ability to integrate intelligent design systems that can analyse, process and transform design challenges how we understand our practice. New apertures are being built that transcend the boundaries of our practice and bridge to other fields and their embedded knowledge cultures. Fundamentally transdisciplinary, whether at the scale of environmental science, city planning, structural engineering, fabrication or material science, these new practices and their associated tools are expanding what it means to be an architecture in the future.
The aim of this Special Issue of IJAC is to present different perspectives into this new practice. By bringing together cases exploring integrated analysis, form finding, multiscale modelling, sensing and machine learning, we ask the following: Information rich -data heavy: the consequence of advanced computing
How does the information-rich design enquiry arise? From where does data arrive? The papers in the journal discuss multiple drivers for information-rich design. As we enter the extended digital chain, 1 where design is merged with cycles of analysis and optimisation and bridging not only to fabrication but also to direct material formation, the digital model is expanded.
The papers in this journal describe different modelling pipelines in which design, analysis, data collection, generation and evaluation are assembled. What they have in common is the departure from an ambition of unifying information into one consolidated modelling environment, instead all presenting a broader modelling landscape in which bespoke models that process identified parts are interfaced.
Integrating simulation
In this landscape, analysis is not seen as a separate effort undertaken solely at end-points in the design chain but as fundamentally linked to and integrated into design. Here, processes of simulation are distributed along the design chain informing different scales of design agency and creating feedback loops that can inform and optimise decision-making processes. The model becomes a place of negotiation between inherently topdown design agendas and bottom-up behaviours.
The integration of lightweight projection-based simulation as well as finite element analysis are necessarily computationally heavy and involve complex processes of calculation referencing material models that can be defined both exterior and interior to the design process in the form of existing material data sheets or -more specific to the used materials and systems -through direct material testing and prototyping. The papers presented in this issue present multiple methods for integrating simulation as well as understandings of their role. 'Shaping Hybrids -Form-Finding of New Material Systems' examines the history of structural form finding, presenting the state of the art of design-integrated simulation strategies as well as the methods used for the Hybrid Tower research project in which a projection-based solver is used both for exploratory design and for describing mechanically calibrated behaviours. In 'Multiscale Modelling Frameworks for Architecture,' a finite element analysis is performed to predict states in the crystallisation and melting behaviours of the phase change material. The simulation is used to inform further iterations.
Bridging sensing
Digital design practice breaks with the traditional isolation of the architectural model. The shared digital platform allows direct interfacing with processes of data collection. By breaking down the boundaries of the model and further expanding the modelling landscape with processes of data analysis and evaluation, interfacing with sensing has far-reaching consequences for the shaping of future modelling methodologies.
The understanding of the design model as an interface to information is well established. The integration of external data such as environmental information has been fundamental to the creation of a performancebased neo-rationalist paradigm of design optimisation in the mid-2000s. [2] [3] [4] Without necessarily rupturing this tradition, but rather expanding it by asking what are the consequences of such interfacing, the papers in this Special Issue present design enquiries that mix and merge data from all sources, calibrating and validating one by the other.
Borrowing the terminology established in the paper 'Machine Learning for Architectural Design', data can externally sourced, by means of open data or data collection, internally generated, through generative algorithms, or externally generated, through integrated sensors belonging to the design chain. In 'Multiscale Modelling Frameworks for Architecture' environmental data in the form of externally sourced weather data, externally generated ambient temperature data as well as materially embedded temperature data are interfaced to inform a model of the complex non-linear material behaviour of phase change materials. In 'Machine Learning for Architectural Design,' we see internally sourced data in the form of single-point laser distance measurements of metal deformation, and three-dimensional (3D) scans inform the geometric design of single panels. In both cases, data are used to enable feedback loops between design iterations at the scale of the panel or of the single-panel detail.
Incorporating machine learning as a mode of generation and evaluation of data
A central theme in the issue is the proliferation of methods that combine analytical processes with machinelearning methods for data generation and evaluation. Rather than understanding these in isolation, the papers here present methods for combining the interfacing of data with meta-heuristic strategies to inform design. By nature information rich, these methods entail the problem of design evaluation. How do we navigate vast solutions spaces? What are the methods by which we can understand the consequences of variation across multiobjective design criteria? In architecture, solutions cannot always be evaluated by single fitness criteria. As discussed in the presented papers, architecture is a wicked problem, in which the designer develops the dimensionality of solution in context of a given problem. 5 Moreover, solution spaces are always multiobjective bringing together divergent criteria that don't map to a single optima. As a result, solutions are assessed not absolutely as true or false, but rather qualitatively as better or worse. To employ machinelearning strategies in architecture therefore necessitate methods by which results can be evaluated holistically. The papers in this issue explore the foundations of these methods. 'Biomorpher: Interactive Evolution for Parametric Design' presents visual evaluation techniques that enable mixing small populations for interactive evolution with large populations for performance-based optimisation, while 'Machine Learning for Architectural Design' outlines performance-based methods and summarise five emerging practices in which machine learning can find novel application in architectural design.
Structuring the modelling landscape
Together, the papers query how to structure the expanded information model. As we enter a broader practice of information modelling, it becomes central to understand the logic of feedback and the means by which these part processes can be orchestrated. 'Multiscale Modelling Frameworks for Architecture' presents a scalar approach. Allied with strategies from the interdisciplinary field of multiscale modelling, the method proposed here couples models allowing both high-scale and low-scale models to inform a meso-scale mechanistic model predicting material behaviour. In 'Shaping Hybrids -Form-Finding of New Material Systems' and 'Machine Learning for Architectural Design', a differentiation of precision in the integrated simulation processes creates hierarchy within the modelling landscape. Here, initial processes of form finding and shaping are followed by subsequent processes that simulate the mechanical behaviour of materials.
These integrated processes of design generation and feedback gain impact as they transition from academic into professional architectural design practice. The paper 'Augmented Space Planning' presents how emerging large-scale real-world datasets allow for the creation of design tools that can solve complex design tasks in a quality, which is equal or even better than that of experienced designers. Large practices as in this example WeWorks create a wealth of data for every project. Linking data with similar projects through information modelling and computational access creates datasets that are sufficiently good to train artificial designers that augment human design. The presented area of application of these techniques within the field of office planning can only be understood as first step into a wider use of AI in design practice. In their article the authors unfold the next steps of this future practice, which can make use of existing complex data through more sophisticated machine-learning algorithms.
Conclusion
The papers in this issue present a set of new modelling paradigms that probe at the future practices we need if we are to fully exploit the potential for engaging information-rich design environments. Here, the model becomes a creative-analytical engine into which external data can be ported and analysed or internally generated, to create the basis for intelligent design practices. Rather than continuing the neo-rational design ethos of early performative architecture that have suggested similar trajectories of interfacing external data and employing generative logics for design search and evaluation, these methods aim to expand our ability to work across knowledge domains and explore potential for innovating existing practice. What is at stake is not only the optimisation of the known, but rather an exploration of new design potential, new structural morphologies and new material practices.
Addendum
This Special Issue is edited by Centre for IT and Architecture (CITA, KADK), on behalf of eCAADe, and several of the projects presented here have been undertaken in CITA or through collaboration with CITA. In CITA, the enquiry into how these modelling paradigms are changing have shaped the last 5 years of research. Currently, this is framed by the research project Complex Modelling, a framing project supported by the Danish Sapere Aude Advanced Research Programme and the Velux Guest Professorship programme supporting the collaboration with Billie Faircloth and her research group at Kieran Timberlake. Here, we are exploring future modelling paradigms and how methods from parallel disciplines including engineering and computer science can broaden our practices and transfer central concepts and tools. With special focus on systems that integrate material performance, engage high degrees of interdependency and allow the emergence of design agency and feedback between the multiple scales of the structure, the element and material, our aim is to prototype future methods for information modelling. 
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